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,QWURGXFWLRQ
,QWKHIHZODVWGHFDGHVWKHUHKDVEHHQDJURZLQJLQWHUHVWLQWKHXVHRIFRPSRVLWHODPLQDWHVLQVWUXFWXUDODSSOLFDWLRQV
UDQJLQJIURPDLUFUDIWVWUXFWXUHVWRPDULQHDQGDXWRPRWLYHDSSOLFDWLRQV,QPRVWRIWKHPWKHUPRVHWSRO\PHUVVXFKDV
HSR[\KDVEHHQDSSOLHGDVPDWUL[EXWWKHLULQKHUHQWEULWWOHQHVVUHVWULFWVWKHLUDSSOLFDWLRQEHFDXVHWKHODPLQDWHVFDQ
EHGHODPLQDWHGHDVLO\GXULQJWKHLUVHUYLFHHYHQZLWKDYHU\ORZHQHUJ\RILPSDFW>@0DQ\PHWKRGVKDYHEHHQ
LQWURGXFHGWRUHVROYHRUDWOHDVWGHFUHDVHWKLVSUREOHP>@EXWHDFKRQHFDQPDNHDQRWKHUSUREOHPIRUWKHODPLQDWHV
)RUH[DPSOHWKHWHQVLOHVWUHQJWKFDQEHGHFUHDVHGE\VWLWFKLQJWKHODPLQDWHV>@
5HFHQWO\DQRYHOPHWKRGKDVEHHQLQWURGXFHGLQZKLFKQDQRILEURXVPDWPDQXIDFWXUHGE\WKHUPRSODVWLFSRO\PHUV
ZHUHLQWHUOHDYHGEHWZHHQFRPSRVLWHOD\HUV>@6RIDUGLIIHUHQWSRO\PHUVVXFKDV1\ORQ>@3RO\VXOIRQH36)
>@SRO\YLQ\OLGHQHÀXRULGH39')>@3&/>@DQGHWFKDYHEHHQXVHGIRULQFUHDVLQJWKHGHODPLQDWLRQUHVLVWDQFH
RIFRPSRVLWHODPLQDWHV
6RPHVWXGLHVKDYHEHHQFRQGXFWHGUHJDUGLQJWKHHIIHFWRIQDQRILEHUVRQPRGH,DQGPRGH,,IUDFWXUHWRXJKQHVV
6DJKDILHWDO>@XVHG1\ORQ3&/DQGWKHLUPL[WXUHWRLQFUHDVHWKHIUDFWXUHWRXJKQHVV7KHLUUHVXOWVVKRZHGWKDW
ZKLOH1\ORQDUHRQO\XVHIXOIRUPRGH,,ORDGLQJDQG3&/HIIHFWLVDOPRVWWKHVDPHLQPRGH,DQGPRGH,,WKH
PL[HGQDQR¿EHUVFRXOGXVHWKHHIILFLHQF\RIERWKLQGLYLGXDOQDQR¿EHUVLQPRGHV,DQG,,,QDQRWKHUVWXG\>@WKH\
XVHG39')QDQRILEHUVIRULQWHUOHDYLQJFRPSRVLWHODPLQDWHV0RGH,IUDFWXUHWHVWVZHUHFRQGXFWHGDQGWKHRXWFRPHV
SURYHGLQFUHDVHRIPRGH,HQHUJ\UHOHDVHUDWHGIZKLFKZDVLQFRQWUDVWZLWKWKHUHVXOWVRIWZRRWKHUVWXGLHV
>@$FFRUGLQJ WR WKHUHVXOWVSUHVHQWHGE\/LHWDO >@36) LVDYHU\VXLWDEOHFKRLFH IRU LQFUHDVLQJIUDFWXUH
WRXJKQHVVRIHSR[\EDVHGFRPSRVLWHDVLQFUHDVHGPRGH,IUDFWXUHWRXJKQHVVDERXW
7KHUHDUHDOVRVRPHVWXGLHVUHJDUGLQJWKHHIIHFWRIQDQRILEHUVRQLPSDFWUHVSRQVHRIFRPSRVLWHODPLQDWHV3DOD]]HWWL
HWDO>@DQG$NDQJDKHWDO>@XVHG1\ORQQDQRILEHUVIRUGHFUHDVLQJGHODPLQDWHGDUHDRIFRPSRVLWHPDWHULDOV
XQGHUORZYHORFLW\LPSDFW7KHG\QDPLFUHVSRQVHRILQWHUOHDYHGODPLQDWHVZDVDOVRLQYHVWLJDWHGE\>@7KH\VKRZHG
WKDWWKHXQGDPDJHGQDQRPRGLILHGODPLQDWHVDUHOHVVVWLIIEXWVLJQLILFDQWO\PRUHGDPSHGUHVSHFWWRYLUJLQRQHV
)DWLJXHEHKDYLRURIQDQRILEHULQWHUOHDYHGODPLQDWHVLVDQRWKHULPSRUWDQWLVVXHEXWYHU\OLPLWHGUHVHDUFKHVKDYH
EHHQSXEOLVKHG>@,QDOOWKHVHVWXGLHVFDUERQQDQRILEHUV&1)ZHUHDSSOLHGWRFRQVLGHULWVHIIHFWRQPRGH,
IDWLJXHUHVSRQVHRIPRGLILHGODPLQDWHV=KRXHWDO>@FRQGXFWHGDFRPSUHKHQVLYHLQYHVWLJDWLRQWHQVLOHIDWLJXH
XQLD[LDOFRPSUHVVLRQRSHQKROHFRPSUHVVLRQVKRUWEHDPVKHDUDQGIOH[XUHWHVWVZHUHSHUIRUPHG7KH\PL[HGFDUERQ
QDQRILEHUVZLWKWKHHSR[\DQGWKHQSURGXFHGWKHLUODPLQDWHVXVLQJYDFXXPDVVLVWHGUHVLQWUDQVIHUPROGLQJ9$570
PHWKRG 6RPH PHFKDQLFDO SURSHUWLHV VXFK DV WHQVLOH DQG IOH[XUDO VWUHQJWK LQFUHDVHG PRGHUDWHO\  DQG 
UHVSHFWLYHO\EXWRWKHUVOLNHIDWLJXHVWUHQJWKLPSURYHGVLJQLILFDQWO\$UDLHWDO>@SXW&1)EHWZHHQFDUERQHSR[\
OD\HUVDQGFRQGXFWHGPRGH, IUDFWXUHDQG IDWLJXH WHVWV7KH WHVW UHVXOWVVKRZ WKDW WKHQXPEHURIF\FOHV WR IDLOXUH
EHFRPHVWLPHVJUHDWHUWKDQUHIHUHQFHODPLQDWHV
$VPHQWLRQHG EHIRUH DOVR WKH XVH RI1\ORQ QDQRILEHUV LV D JRRG FKRLFH IRU LQFUHDVLQJ IUDFWXUH WRXJKQHVV RI
FRPSRVLWH ODPLQDWHV+RZHYHU WKHUH LV VWLOOD ODFNRIVWXGLHV LQ OLWHUDWXUH UHJDUGLQJ WKH IDWLJXHEHKDYLRURI1\ORQ
QDQRILEHULQWHUOHDYHGODPLQDWHV$W WKHSUHVHQWRQO\6KLYDNXPDUHWDO >@VWXGLHGWKHHIIHFWRI1\ORQRQWKH
IDWLJXH GHODPLQDWLRQ WRXJKQHVV DQG LWV LQYHVWLJDWLRQZDV IRFXVHG RQ8' ODPLQDWHV 7KHUHIRUH LQ WKLVZRUNZDV
LQYHVWLJDWHGWKHIDWLJXHEHKDYLRUDWGHODPLQDWLRQRIZRYHQODPLQDWHVLQWHUOHDYHGZLWK1\ORQQDQRILEHUV0RGH,
TXDVLVWDWLF DQG IDWLJXH GHODPLQDWLRQ JURZ RQVHW WHVW ZHUH SHUIRUPHG DQG WKH FUDFN SDWK ZDV LQYHVWLJDWHG E\
PLFURJUDSKDQDO\VLVLQRUGHUWREHWWHUXQGHUVWDQGWKHWRXJKHQLQJPHFKDQLVP
0DWHULDOVDQG0HWKRGV
2.1. Materials 
3ODLQ:HDYH3:JVPFDUERQHSR[\SUHSUHJ**3,03=VXSSOLHGE\,PSUHJQDWH[&RPSRVLWH6UO
0LODQ,WDO\ZDVFKRVHQDVEDVHPDWHULDOWRLPSURYHLWVLQWHUODPLQDUIUDFWXUHWRXJKQHVVE\QDQRILEHULQWHUOHDYLQJ
,WVPDWUL[LVEDVHGRQGLJO\FLG\OHWKHURIELVSKHQRO$SUHSRO\PHUKDVDJODVVWUDQVLWLRQWHPSHUDWXUHTgRI&DQG
LVFKDUDFWHUL]HGE\JRRGPHFKDQLFDOSURSHUWLHVDQGWRXJKQHVV
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1\ORQ=\WHO(1&SURYLGHGE\'X3RQWZHUHXVHGIRUSURGXFLQJQDQRILEHUV,WKDVH[WUHPHO\KLJKHORQJDWLRQ
DWEUDNHDQGWRXJKQHVVFRPSDUHGWRWKHHSR[\PDWUL[DQGDPHOWLQJWHPSHUDWXUHRI&WKHUHIRUHWKHQDQRILEHUV
GRQ
WPHOWGXULQJWKHSUHSUHJFXULQJSURFHVV
2.2. Electrospinnig process 
1\ORQQDQRILEHUVZHUHSURGXFHGE\PHDQVRIHOHFWURVSLQQLQJWHFKQLTXH>@7KHSRO\PHUZDVGLVVROYHGDWD
FRQFHQWUDWLRQRILQDVROXWLRQFRPSRVHGE\)RUPLF$FLGDQG&KORURIRUP&URPDVROYYYSXUFKDVHG
IURP 6LJPD $OGULFK 7KH QDQRILEURXV PDWV ZHUH IDEULFDWHG XVLQJ D 6SLQERZ HOHFWURVSLQQJ PDFKLQH )LJ D
HTXLSSHGZLWKDIRXUQHHGOHILULQJV\VWHPDQGDURWDWLQJGUXPFROOHFWRUFRYHUHGZLWKSRO\WKHQHSDSHULQZKLFKWKH
ILEHUVDUHFROOHFWHGDQGVDIHO\UHPRYHGRQFHWKHSURFHVVLVILQLVKHG7KHSURFHVVZDVFDUULHGRXWXQGHUWKHIROORZLQJ
FRQGLWLRQVN9YROWDJHFPQHHGOHWLS±FROOHFWRUGLVWDQFHP/KIORZUDWHSHUQR]]OH&WHPSHUDWXUH
ZLWKRIUHODWLYHKXPLGLW\5+PVWDQJHQWLDOVSHHGRIWKHGUXPDQGPLQSURFHVVGXUDWLRQ7KH
VFDQQLQJHOHFWURQPLFURVFRSH6(0LPDJHRIWKHHOHFWURSVXQQRQZRYHQPDWVRREWDLQHGLVVKRZQLQ)LJE
7KHQDQRILEHUVZHUHUDQGRPDOLJQHGDQGWKHLUGLDPHWHUUDQJHGIURPWRQP7KHHOHFWURVSXQPDWZDVȝP
WKLFNZLWKDQDUHDOGHQVLW\RIJP7KHPDWZDVNHSWLQRYHQDW&RYHUQLJKWEHIRUHLQWHJUDWLQJLWLQWRWKH
ODPLQDWHLQRUGHUWRUHPRYHUHVLGXDOVROYHQWDQGWKHPRLVWXUHDEVRUEHGE\WKH1\ORQ

2.3. Lamination process 
7ZR SDQHOV RQH IRU WKH XQPRGLILHG ODPLQDWH Virgin DQG DQRWKHU RQH IRU WKH QDQRLQWHUOHDYHG Ny ZLWK
GLPHQVLRQVRI[PPZHUHPDQXIDFWXUHGE\VWDFNLQJSOLHVRISUHSUHJ$37)(ILOPȝPWKLFNZDV
LQVHUWHGLQWKHPLGWKLFNQHVVGXULQJWKHOD\XSLQRUGHUWRFUHDWHWKHDUWLILFLDOFUDFN,QWKHFDVHRIWKHQDQRLQWHUOHDYHG
ODPLQDWHWKHQDQRILEHUVZHUHLQFRUSRUDWHGLQWKHPLGSODQHXVLQJDWHFKQLTXHVLPLODUWRWKH$FWLRQ7UDQVIHUVRQH
WKHHOHFWURVSXQPDWVWLOOZLWKWKHSRO\WKHQHVKHHWZDVDSSOLHGWRWKHSUHSUHJE\UROOLQJLWVRIWO\XQWLOLWKDVEHHQ
WUDQVIHUUHGWRWKHVWLFN\UHVLQWKHQWKHSRO\WKHQHVKHHWZDVSHHOHGRIIDQGWKHDQRWKHUSUHSUHJSO\ZDVVWDFNHGRQLW
,QWKLVZD\WKHHOHFWURVSXQPDWZDVFRPSOHWHO\WUDQVIHUUHGWRWKHSUHSUHJZLWKRXWGHODPLQDWHLW
7KHQERWKSDQHOVZHUHSODFHGRQDJODVVWRHQVXUHWKHSODQDULW\DQGLQVHUWHGLQWKHYDFXXPEDJXVLQJWKHVDPH
LQGXVWULDOWHFKQLTXHXVHGIRUYDFXXPEDJPROGLQJ7KHVSHFLPHQVZHUHNHSWILUVWXQGHUYDFXXPPEDUIRU
KRXUVDWURRPWHPSHUDWXUH/DWHUWKH\ZHUHFXUHGLQDXWRFODYHXQGHUDSUHVVXUHRIEDUIRUKRXUVDW&DQG
WKHQIRUKRXUDW&1RWHWKDWWKHFXULQJF\FOHLVVSHFLILFDOO\RSWLPL]HGLQRUGHUWRHQVXUHWKHSHUIHFWSHQHWUDWLRQ
RIWKHUHVLQLQWRWKHQDQRILEURXVPDWEHIRUHWKHKDUGHQLQJRFFXUV
)LJD(OHFWURVSLQQLQJPDFKLQHE0RUSKRORJ\RIWKH1\ORQHOHFWURVSXQQRQZRYHQPDW
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2.4. Test: Mode I Quasi-static and Fatigue 
0RGH,LQWHUODPLQDUIUDFWXUHWRXJKQHVVRIWKHODPLQDWHVZDVHYDOXDWHGE\WKHGRXEOHFDQWLOHYHUEHDP'&%WHVW
VSHFLPHQVZHUHH[WUDFWHGIURPHDFKSDQHOGLVFDUGLQJWKHHGJHV(DFKVSHFLPHQZDVPPORQJDQGPP
ZLGHDQGKDGDQLQLWLDOGHODPLQDWLRQOHQJWKDDURXQGPP7KHPHDVXUHGWKLFNQHVVRIWKHODPLQDWHVZDV
PPDQGQRVLJQLILFDQWGLIIHUHQFHEHWZHHQWKHYLUJLQODPLQDWHVDQGWKHLQWHUOHDYHGRQHVZDVDSSUHFLDWHG7KHWHVWV
ZHUHFDUULHGRXWXVLQJDVHUYRK\GUDXOLFSUHVV,QVWURQHTXLSSHGZLWKD1ORDGFHOO7KHORDGZDVLQWURGXFHG
WRWKHVSHFLPHQVE\ORDGLQJEORFNV)LJ
7KHTXDVLVWDWLFWHVWZDVSHUIRUPHGRQDWOHDVWVSHFLPHQVIRUHDFKW\SHRIODPLQDWHLQGLVSODFHPHQWFRQWURODWD
FRQVWDQW FURVVKHDG UDWH RI PPPLQ 'XULQJ WKH WHVW WKH ORDGGLVSODFHPHQW FXUYH ZDV UHFRUGHG DQG WKH FUDFN
SURSDJDWLRQZDVYLVXDOO\GHWHUPLQHGE\WKHPHDQVRIDQRSWLFDOPLFURVFRSH7KH0RGH,HQHUJ\UHOHDVHUDWHGI ZDV
GHWHUPLQHGDFFRUGLQJWRWKH0RGLI\%HDP7KHRU\0%7DVVXJJHVWHGE\WKHSURWRFRO$670'>@
          


G 
 'I
PG
b a
                                                                                    
ZKHUHP LV WKH ORDGį LV WKH GLVSODFHPHQWb WKHZLGWK RI WKH VSHFLPHQa WKH GHODPLQDWLRQ OHQJWK DQGȴ LV WKH
GHODPLQDWLRQOHQJWKFRUUHFWLRQSDUDPHWHUWRFRQVLGHUWKHEHDPURWDWLRQDWWKHGHODPLQDWLRQIURQW7KHLQLWLDOIUDFWXUH
WRXJKQHVVGIC ZDV HYDOXDWHG DFFRUGLQJ WR WKH  FRPSOLDQFH GHYLDWLRQ RUPD[LPXP ORDG SRLQW RI WKH ORDGLQJ
GLVSODFHPHQWFXUYH>@7KHIUDFWXUHWRXJKQHVVUHVLVWDQFHDWSURSDJDWLRQVWDJHGIRZDVHYDOXDWHGRQWKH5FXUYH
DVDYHUDJHYDOXHZKHQDIWHUWKHLQLWLDWLRQLWEHFRPHVQHDUO\FRQVWDQW
7KH0RGH,IDWLJXHGHODPLQDWLRQJURZWKRQVHWWHVWZDVFDUULHGRXW LQDFFRUGDQFHZLWKWKH$670'>@
VWDQGDUG7KHWHVWDSSDUDWXVZDVWKHVDPHRIWKHTXDVLVWDWLFRQHDVWKHVSHFLPHQ¶VGLPHQVLRQVDQGWKHSDQHOVIURP
ZKLFKWKH\ZHUHH[WUDFWHGWKHVDPHEDWFK$OOIDWLJXHWHVWVZHUHSHUIRUPHGLQGLVSODFHPHQWFRQWURODWDIUHTXHQF\
RI+]ZLWKDIL[HGORDGLQJUDWLRR= Pmin-n /Pmax-n =įmin-n /įmax-n =0.3$WHDFKn-cycle WKHPD[LPXPPLQLPXP
YDOXH RI WKH GLVSODFHPHQW DQG ORDGPmax-n DQG įmax-n Pmin-nDQGįmin-nZHUH UHFRUGHG 6SHFLPHQVZHUH WHVWHG DW
GLIIHUHQWYDOXHVRIGImax:KHUHGImaxLVWKHPD[LPXPPRGH,HQHUJ\UHOHDVHFDOFXODWHGE\PHDQVRIWKHPRGLILHG
EHDPHTXDWLRQZKHUHPDQGįDUHHTXDOWRPmax-1DQGįmax-1HYDOXDWHGDWWKHILUVWF\FOHaLVWKHLQLWLDOGHODPLQDWLRQ
OHQJWK D DQG ȴ is H[WUDSRODWHG IURP WKH TXDVLVWDWLF WHVW 7KH IDWLJXH WHVW ZDV VWRSSHG ZKHQ WKH VSHFLPHQV
FRPSOLDQFHC=(įmax n-įmin n)/(Pmax n-Pmin n)KDVLQFUHDVHGE\DQGWKHUHODWHGIDWLJXHGHODPLQDWLRQRQVHWOLIHN5%
HTXDO WR WKH F\FOHV QXPEHU DFKLHYHG GXULQJ WKH WHVWZDV UHFRUGHG 7KH VDPH SURFHGXUHZDV UHSHDWHG IRU HDFK
ODPLQDWHW\SHRQDWOHDVWVSHFLPHQDWGLIIHUHQWYDOXHRIGImaxNHHSLQJFRQVWDQWWKHORDGLQJUDWLRR=0.3=cost7KH
UHVXOWVZHUHVXPPDUL]HGLQDGLDJUDPGImaxN5%VKRZLQJWKHUHODWLRQVKLSEHWZHHQWKHF\FOLFVWUDLQHQHUJ\UHOHDVHUDWH
DQGWKHQXPEHURIF\FOHVWRWKHRQVHWRIWKHGHODPLQDWLRQJURZWK

)LJ'&%WHVWVHWXS
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5HVXOWV
3.1. Mode I Quasi-static Fracture Toughness: 
5HVXOWVRIPRGH,IUDFWXUHTXDVLVWDWLFWHVWVDUHUHSRUWHGLQ)LJDQGWKHPRVWUHOHYDQWYDOXHVDUHVXPPDUL]HGLQ
7DEOH  ,Q WKH ORDGGLVSODFHPHQW GLDJUDP RI )LJ D WKH QDQRPRGLILHG ODPLQDWH VKRZV WKH VDPH WUHQG RI WKH
FRUUHVSRQGLQJYLUJLQRQHVXQWLOWKHILUVWIRUFHGURSKDSSHQV+RZHYHUWKHSUHVHQFHVRIWKHQDQRILEHUVFOHDUO\SRVWSRQH
WKHFUDFNLQLWLDWLRQDQGLQFUHDVHWKHPD[LPXPIRUFHRI7KHUHIRUHWKHLQFUHPHQWSURYLGHGE\WKHQDQRILEHUVRQ
WKHIUDFWXUHWRXJKQHVVDWWKHGHODPLQDWLRQLQLWLDWLRQGICLVKLJKHU
$IWHUWKHILUVWIRUFHGURSWKHGHODPLQDWLRQSURSDJDWHVLQDGLVFRQWLQXRXVZD\DQGWKHORDGGLVSODFHPHQWFXUYHV
DSSHDUMDJJHG7KLVEHKDYLRULVVWULFWO\OLQNHGWRWKHLQKRPRJHQHLW\RIWKHLQWHUODPLQDUUHJLRQLQZRYHQODPLQDWHV
7KH FUDFN GXULQJ LWV SURSDJDWLRQPHHWV DOWHUQDWHO\ ]RQHVZLWK GLIIHUHQW WRXJKQHVV GXH WR WKH SUHVHQFH RI UHVLQ
SRFNHWVDQGWKHIDEULFWH[WXUH>@7KHUHIRUHRQWKH5FXUYH)LJEWKHPHDVXUHGIUDFWXUHWRXJKQHVVYDOXHVDSSHDU
VFDWWHUHG+RZHYHUXQOLNHRIZKDWKDSSHQVLQWKHXQLGLUHFWLRQDOODPLQDWHVWKHFUDFNLVREOLJHGWRVWD\LQWKHPLG
LQWHUODPLQDUUHJLRQE\WKHZRYHQDUFKLWHFWXUHOHDGLQJWRDUHODWLYHO\IODW5FXUYHQRILEHUEULGJLQJ)RUWKHVDPH
UHDVRQLQWKHZRYHQLQWHUOHDYHGODPLQDWHVWKHFUDFNLVREOLJHGWRSURSDJDWHWKURXJKWKHUHLQIRUFHPHQW7KHUHIRUH
WKHSUHVHQFHRIWKHQDQRILEHUVDIIHFWVWKHIUDFWXUHWRXJKQHVVDWSURSDJDWLRQVWDJHLQWKHVDPHZD\DVDWWKHLQLWLDWLRQ
VWDJH GR  :KLOH 6KLYDNXPDU >@ QRWLFHG D GHFUHDVH RI WKH WRXJKHQLQJ HIIHFW DW SURSDJDWLRQ VWDJH
GIC=150% YVGR RI1\ORQQDQRILEHUVLQWHUOHDYHGLQXQLGLUHFWLRQDOODPLQDWHV

1HYHUWKHOHVVWKLVEHKDYLRURIZRYHQODPLQDWHV9LUJLQDQGQDQRLQWHUOHDYHGKDYHWREHGHHSO\LQYHVWLJDWHGDQG
IRUWKLVUHDVRQWKHPLFURJUDSKLFDQDO\VHVKDYHEHHQSHUIRUPHG,QWKHLQLWLDWLRQVWDJHWKHFUDFNLQ9LUJLQDQGQDQR
LQWHUOHDYHGODPLQDWHVVWDUWVIURPWKHWLSRIWKH7HIORQVKHHWSRVLWLRQHGLQWKHPLGLQWHUOD\HUDQGLWSURSDJDWHVWKURXJK
LW)LJDDQGF$WSURSDJDWLRQVWDJHWKHFUDFNWULHVWRGLYHUWIURPWKHQDQRLQWHUOD\HUDQGSURSDJDWHWKURXJKWKH
DGMDFHQWQRWWRXJKHQHGFDUERQOD\HU)LJG%XWWKHWH[WXUHRIWKHZRYHQIDEULFVWRSVWKHSURSDJDWLRQRIWKHFUDFN
LQVLGHWKHFDUERQOD\HUDQGIRUFHVLWWRFRPHEDFNLQWKHQDQRPRGLILHGLQWHUOD\HU)RUWKLVUHDVRQWKHWRXJKHQLQJ
HIIHFWRIWKHQDQRILEURXVLQWHUOHDYHGLQZRYHQODPLQDWHLVNHSWDOVRDWSURSDJDWLRQVWDJH
7DEOH)UDFWXUHSDUDPHWHUVREWDLQHGIRUPRGH,IUDFWXUHWHVWV
 9LUJLQ 1\ ,QFUHDVH
)0$;1   
GIc ,QLWLDWLRQ-P   
GR3URSDJDWLRQ-P   
)LJDORDGGLVSODFHPHQWFXUYHVIRUUHIHUHQFH9LUJDQGQDQRLQWHUOHDYHG1\'&%VSHFLPHQVEPRGH,LQWHUODPLQDUIUDFWXUHWRXJKQHVVDV
DIXQFWLRQRIWKHGHODPLQDWLRQSURSDJDWLRQOHQJWKȴD DDIRU9LUJDQG1\VSHFLPHQV
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3.2. Mode I Fatigue Life 
7KHIDWLJXHWHVWUHVXOWVDUHSORWWHGDVSRLQWVLQWKHGLDJUDPPD[LPXPHQHUJ\UHOHDVHUDWHGImaxYHUVXVGHODPLQDWLRQ
RQVHWOLIHN5%RI)LJ8VXDOO\WKHVWUHVVIDWLJXHOLIHUHODWLRQVKLSLVGHVFULEHGE\DSRZHUODZHTXDWLRQ$VLPLODU
ODZVXJJHVWHGE\2¶%ULHQLQ>@ZDVIRXQGWRILWYHU\ZHOOZLWKWKHH[SHULPHQWDOGDWDRIWKHSUHVHQWZRUN

,P 
m
ax ICG G N
         

ZKHUHGICLVWKHIUDFWXUHWRXJKQHVVDWLQLWLDWLRQREWDLQHGIRUWKHTXDVLVWDWLFWHVW+RZHYHUWKHHTXDWLRQH[SUHVVHGLQ
WKLVIRUPGRHVQ
WDOORZDQHDV\HYDOXDWLRQRIWKHVWDWLVWLFFRQILGHQFHRIWKHPRGHOVRHVWLPDWHG7KHUHIRUHWKH(T
ZDVOLQHDUL]HGE\H[SUHVVLQJLWLQORJDULWKPLFIRUP

,PORJ ORJ axN A B G  RU Y A B X  ZLWK ORJY N  ,PORJ axX G 

$QGWKHH[SHULPHQWDOGDWDZHUHSORWWHGLQDORJORJGLDJUDP7KHFXUYHRI(TZDVH[WUDSRODWHGE\PHDQVRIWKH
PD[LPXP /LNHOLKRRG PHWKRG DQG WKH FRQILGHQFH EDQGV DW  RI SUREDELOLW\ ZHUH FRPSXWHG IROORZLQJ WKH
SURFHGXUHGHVFULEHGLQ$670'>@7KHQWKHPRGHOZLWKLWVFRQILGHQFHEDQGVZDVWUDQVIRUPHGEDFNLQWRWKH
RULJLQDOIRUPRI(TDQGSORWWHGLQWKHJUDSKRI)LJ
)LJ'&%)DWLJXHGLDJUDP*,PD[1DWDFRQVWDQWORDGUDWLR5 IRUYLUJLQDQGQDQRLQWHUOHDYHGODPLQDWHV
)LJ0LFURJUDSKDQDO\VLVRIWKHFUDFNSDWKIRUYLUJLQDEDQGQDQRPRGLILHGFGODPLQDWHVDWLQLWLDWLRQDQGSURSDJDWLRQ7KH1\ORQ
HOHFWURVSXQQRQZRYHQPDWLVKLJKOLJKWHGLQJUHHQ
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
,W¶VJUDSKLFDOO\FOHDUWKDWWKHPRGHOILWVYHU\ZHOOWRWKHWUHQGRIWKHH[SHULPHQWDOUHVXOWVKRZHYHUWKHZLGWKRI
WKHFRQILGHQFHEDQGVLVODUJHEHFDXVHRIWKHKLJKVFDWWHURIWKHH[SHULPHQWDOGDWDW\SLFDORIIUDFWXUHWHVWVFRQGXFWHG
RQFRPSRVLWHPDWHULDO7KHIDWLJXHOLIHHTXDWLRQVH[WUDSRODWHGIRUWKHYLUJLQDQGWKHLQWHUOHDYHGODPLQDWHVDUHGImax  
428*N-0.099DQGGImax  1071*N-0.199UHVSHFWLYHO\7KHIDWLJXHFXUYHRIWKHQDQRLQWHUOHDYHGODPLQDWHEHJLQVDWN=0
IURPDQHQHUJ\UHOHDVHUDWHGImax  GICWLPHVKLJKHUWKDQWKHYLUJLQRQHEXWWKHQLWGHFUHDVHIDVWHUmFRHIILFLHQW
RI(T+RZHYHULWLVFOHDUWKDWWKHSUHVHQFHRIWKHQDQRILEHUVHQKDQFHWKHGHODPLQDWLRQIDWLJXHRQVHWOLIH7KH
WKUHVKROGHQHUJ\UHOHDVHUDWHHVWLPDWHGIRUN=106RIWKHQDQRLQWHUOHDYHGODPLQDWHLVKLJKHUWKDQWKHYLUJLQ
ODPLQDWHGth-Virg=109 J/m^2 vs Gth-Ny=207 J/m^2)
$ PLFURJUDSKLF DQDO\VLV ZDV SHUIRUPHG LQ RUGHU WR EHWWHU XQGHUVWDQG WKH WRXJKHQLQJ PHFKDQLVP RI WKH 1\ORQ
QDQRILEHUV)LJ)RUERWKODPLQDWHVFUDFNVWDUWVIURPWKHWLSRIWKH7HIORQVKHHWSRVLWLRQHGLQWKHPLGLQWHUOD\HU
7KHQXQGHUWKHF\FOLFORDGLQJWKHFUDFNSURSDJDWHVDQGWULHVWRGLYHUWIURPWKHLQWHUOD\HUEXWLW
VIRUFHGWRFRPHEDFN
LQWKHLQWHUOD\HUE\WKHZRYHQDUFKLWHFWXUHRIWKHDGMDFHQWOD\HUV,QWKHFDVHRIWKHLQWHUOHDYHGODPLQDWHWKHFUDFNLV
IRUFHGWRSURSDJDWHEHWZHHQWKHUHLQIRUFHGLQWHUOD\HUDQGWKHDGMDFHQWZRYHQOD\HUDQGWKLVVORZVLWVSURSDJDWLRQ

&RQFOXVLRQ
7KH0RGH,IUDFWXUHWRXJKQHVVRIZRYHQODPLQDWHVLQWHUOHDYHGZLWK1\ORQQDQRILEHUVZDVLQYHVWLJDWHGDWIDWLJXH
DQGTXDVLVWDWLF ORDG7KH UHVXOWV VKRZV WKDW WKHZRYHQ ODPLQDWHVDUHPRUHVXLWDEOH WKHQ8' ODPLQDWHV IRUQDQR
LQWHUOHDYLQJEHFDXVHRIWKHIDEULFWH[WXUHWKDWREOLJHWKHFUDFNWRSURSDJDWHWKURXJKWKHQDQRUHLQIRUFHGLQWHUOD\HU
)RUWKLVUHDVRQGXULQJWKHTXDVLVWDWLFWHVWWKHWRXJKHQLQJHIIHFWRIWKHQDQRILEHUVZDVNHSWRYHUGXULQJWKH
ZKROHSURSDJDWLRQRIWKHFUDFN7KHK\SRWKHVL]HGWRXJKHQLQJPHFKDQLVPZDVFRQILUPHGE\WKHPLFURJUDSKDQDO\VLV
RIWKHFUDFNSDWK$OVRDWIDWLJXHWKHSUHVHQFHRIWKHQDQRILEHUVHQKDQFHWKHIUDFWXUHWRXJKQHVVDWWKHRQVHWRIWKH
GHODPLQDWLRQDQGWKHWKUHVKROGHQHUJ\UHOHDVHUDWHRIWKHQDQRLQWHUOHDYHGODPLQDWHLVKLJKHUWKDQWKHYLUJLQRQH

5HIHUHQFHV
>@+6DJKD¿*0LQDN$=XFFKHOOL(IIHFWRISUHORDGRQWKHLPSDFWUHVSRQVHRIFXUYHGFRPSRVLWHSDQHOV&RPSRV3DUW%±(QJ

>@+6DJKDIL7%UXJR*0LQDN$=XFFKHOOL7KH(IIHFWRI3UHVWUHVVRQ,PSDFW5HVSRQVHRI&RQFDYHDQG&RQYH[&RPSRVLWH/DPLQDWHV
3URFHGLD(QJ
>@+ 6DJKDIL 7 %UXJR * 0LQDN $ =XFFKHOOL ,PSURYHPHQW WKH LPSDFW GDPDJH UHVLVWDQFH RI FRPSRVLWH PDWHULDOV E\ LQWHUOHDYLQJ
3RO\FDSURODFWRQHQDQRILEHUV(QJ6ROLG0HFK
>@'6KX<:0DL(IIHFWRIVWLWFKLQJRQLQWHUODPLQDUGHODPLQDWLRQH[WHQVLRQLQFRPSRVLWHODPLQDWHV&RPSRV6FL7HFKQRO

>@ 61<DGDY9.XPDU6.9HUPD)UDFWXUHWRXJKQHVVEHKDYLRURIFDUERQ¿EUHHSR[\FRPSRVLWHZLWK.HYODUUHLQIRUFHGLQWHUOHDYH0DWHU
6FL(QJ%
>@ 59HOPXUXJDQ1.*XSWD66RODLPXUXJDQ$(OD\DSHUXPDO7KHHIIHFWRIVWLWFKLQJRQ)53F\OLQGULFDOVKHOOVXQGHUD[LDOFRPSUHVVLRQ,QW
-,PSDFW(QJ
>@<$']HQLV'+5HQHNHU8QLWHG6WDWHVSDWHQWGHODPLQDWLRQUHVLVWDQWFRPSRVLWHVSUHSDUHGE\VPDOOGLDPHWHU¿EHUUHLQIRUFHPHQW
DWSO\LQWHUIDFHV
>@+6DJKD¿$=XFFKHOOL53DOD]]HWWL*0LQDN7KHHIIHFWRILQWHUOHDYHGFRPSRVLWHQDQR¿EURXVPDWVRQGHODPLQDWLRQEHKDYLRURISRO\PHULF
FRPSRVLWHPDWHULDOV&RPSRV6WUXFW
)LJ0LFURJUDSKDQDO\VLVRIWKHIDWLJXHRQVHWGHODPLQDWLRQIRUD9LUJLQDQGEQDQRLQWHUOHDYHGODPLQDWHV
72   T.M. Brugo et al. /  Procedia Engineering  109 ( 2015 )  65 – 72 
>@+6DJKD¿53DOD]]HWWL$=XFFKHOOL*0LQDN,QIOXHQFHRIHOHFWURVSXQQDQRILEHUVRQWKHLQWHUODPLQDUSURSHUWLHVRIXQLGLUHFWLRQDOHSR[\
UHVLQJODVVILEHUFRPSRVLWHODPLQDWHV-5HLQI3ODVW&RPS'2,
>@53DOD]]HWW;7<DQ$=XFFKHOOL,QIOXHQFHRIJHRPHWULFDOIHDWXUHVRIHOHFWURVSXQQ\ORQLQWHUOHDYHRQWKH&)53ODPLQDWHVPHFKDQLFDO
SURSHUWLHV3RO\P&RPSRV±
>@*/L3/L<<X;-LD6=KDQJ;<DQJHWDO1RYHOFDUERQ¿EHUHSR[\FRPSRVLWHWRXJKHQHGE\HOHFWURVSXQSRO\VXOIRQHQDQR¿EHUV
0DWHU/HWW±
>@+6DJKDIL7%UXJ*0LQDN$=XFFKHOOL7KHHIIHFWRI39')QDQRILEHUVRQPRGH,IUDFWXUHWRXJKQHVVRIFRPSRVLWHPDWHULDOV&RPSRV
3DUW%±
>@-=KDQJ7<DQJ7/LQ&+:DQJ3KDVHPRUSKRORJ\RIQDQR¿EUHLQWHUOD\HUVFULWLFDOIDFWRUIRUWRXJKHQLQJFDUERQHSR[\FRPSRVLWHV
&RPSRV6FL7HFKQRO±
>@.0DJQLH]&'H/DYLJQH%/)R[7KHHIIHFWVRIPROHFXODUZHLJKWDQGSRO\PRUSKLVPRQWKHIUDFWXUHDQGWKHUPRPHFKDQLFDOSURSHUWLHVRI
DFDUERQ¿EUHFRPSRVLWHPRGL¿HGE\HOHFWURVSXQSRO\YLQ\OLGHQHÀXRULGHPHPEUDQH3RO\PHU±
>@53DOD]]HWWL,7UHQGD¿ORYD$=XFFKHOOL7KHVHOIUHLQIRUFLQJHIIHFWRI1\ORQQDQR¿EUHVRQ&)53FRPSRVLWHODPLQDWHVVXEMHFWHGWRORZ
YHORFLW\LPSDFW&RPSRV6WUXFW±
>@3 $NDQJDK 6 /LQJDLDK . 6KLYDNXPDU (IIHFW RI 1\ORQ QDQR¿EHU LQWHUOHDYLQJ RQ LPSDFW GDPDJH UHVLVWDQFH RI HSR[\FDUERQ ¿EHU
FRPSRVLWHODPLQDWHV&RPSRV6WUXFW±
>@<=KRX)3HUYLQ6-HHODQL3.0DOOLFN,PSURYHPHQWLQPHFKDQLFDOSURSHUWLHVRIFDUERQIDEULFHSR[\FRPSRVLWHXVLQJFDUERQQDQRILEHUV
-0DWHU3URFHVV7HFK
>@<=KRX6-HHODQL7/DF\([SHULPHQWDOVWXG\RQWKHPHFKDQLFDOEHKDYLRURIFDUERQHSR[\FRPSRVLWHVZLWKDFDUERQQDQRILEHUPRGLILHG
PDWUL[-&RPSRV0DWHU
>@0$UDL-,+LURNDZD<+DQDPXUD0,WR0+RMR04XDUHVLPLQ&KDUDFWHULVWLFRIPRGH,IDWLJXHFUDFNSURSDJDWLRQRI&)53ODPLQDWHV
WRXJKHQHGZLWK&1)LQWHUOD\HU&RPSRVLWHV3DUW%(QJLQHHULQJ
>@.6KLYDNXPDU6/LQJDLDK+&KHQ3$NDQJDK*6ZDPLQDWKDQ3RO\PHU1DQRIDEULF,QWHUOHDYHG&RPSRVLWH/DPLQDWHV$,$$-RXUQDO

>@$670'6WDQGDUGWHVWPHWKRGIRUPRGH,LQWHUODPLQDUIUDFWXUHWRXJKQHVVRIXQLGLUHFWLRQDO¿EHUUHLQIRUFHGSRO\PHUPDWUL[FRPSRVLWHV

>@$670'6WDQGDUG7HVW0HWKRGIRU0RGH,)DWLJXH'HODPLQDWLRQ*URZWK2QVHWRI8QLGLUHFWLRQDO)LEHU5HLQIRUFHG3RO\PHU0DWUL[
&RPSRVLWHV
>@7.HYLQ2¶%ULHQ7RZDUGVDGHODPLQDWLRQIDWLJXHPHWKRGRORJ\IRUFRPSRVLWHPDWHULDOWK,QWHUQDWLRQDO&RQIHUHQFHRQ&RPSRVLWH0DWHULDOV

>@$670'0HWKRGVRI7HVWLQJDQG7ROHUDQFHVIRU5RSH0DGHIURP%DVWDQG/HDI)LEHUV:LWKGUDZQ




